—

10

11

12

13
14

Nitrogen-doped Carbon Dots from Kraft Lignin Waste with Inorganic Acid
Catalyst and their Brain Cell Imaging Applications

Yixian Peit®, An-Yi Changm, Xuan Liu“, Hua Wang b Hongbo Zhang “, Adarsh Radadia“, Yuxin

Wang*“, William W. Yu ** and Shengnian Wang **

“Chemical Engineering, Institute for Micromanufacturing, Center for Biomedical Engineering

and Rehabilitations, Louisiana Tech University, PO Box 10137, Ruston, Louisiana, 71272 USA.
bChemistry and Physics, Louisiana State University, Shreveport, Louisiana, 71115, USA.

‘Department of Microbiology and Immunology, LSU Health Sciences Center, Shreveport,

Louisiana, 71104, USA
1 These authors contribute equally to this work.

* Corresponding authors.

KEYWORDS: Lignin, Carbon dot, Photoluminescence, Inorganic Acid, Coking



10

11

12

13

14

15
16

ABSTRACT

Carbon quantum dots (C-QDs) show potential to replace traditional semiconductive quantum
dots as the next generation of fluorescent probes. We demonstrate here a new C-QD production
process using lignin, a high-volume but low market-value industrial waste and/or environmental
hazards, as the starting carbon source. By adding a small amount of inorganic acid, the rich
phenolic components in lignin were successfully converted to C-QDs through a coking formation
mechanism similar to what happens on solid acid catalysts in traditional fossil fuel cracking
process. Their aqueous solution presence of the received lignin C-QDs is beneficial for brain cell
imaging applications, attributing to their fast internalization, low toxicity, tunable
photoluminescence by appropriate acidity and reaction temperature during hydrothermal
synthesis. This method not only provides a low-cost C-QDs production route, but also helps gain
extra profit and/or improve environment for many small agricultural business and paper and pulp

industry located in rural area.
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1. Introduction

Carbon quantum dots (C-QDs) are projected as the new generation of fluorescent probes
for their multiple advantages over traditional semiconductive quantum dots counterparts such as
excellent biocompatibility, operator-friendly synthesis process, and great environmental
sustainability [1]. Many C-QDs synthesis methods, either through physical breakdown of large
carbon pieces or hydrothermal synthesis with starting materials varying from coal to small
carbonaceous chemicals, have been developed in the past decade [2-11]. C-QDs produced by
these processes are often tied with certain luminescence applications varying from sensors [12-
14], biological and medical imaging [15-17], LED color display, and lighting devices [18-26].
Despite their success in C-QDs production and application demonstrations, most of early
synthesis methods are often involved either multiple steps or expensive and/or toxic carbon
sources. Although new synthesis routes using low-cost and/or natural carbon resources such as
biomass waste emerge recently [27-30], many of them still face seasonal or geographical supply
fluctuation and limited production capacity varying from milligram to gram scale. For some
large-scale applications of C-QDs, such as those serve as solar energy harvesting materials in
building-integrated photovoltaics for electricity generation [31] or as luminescent tracers of
injection fluids to reveal underground conditions of drilling wells [32], truly industrial-scale
production capacity of this new type of fluorescence nanomaterial is needed. Their success
heavily relies on two factors: how big the sustainable carbon source supply is and how low the

market price of C-QDs goes.

To meet such low-cost production requirement on C-QDs, we here target the use of Kraft

lignin as the starting materials of carbon source during the synthesis of C-QDs. Lignin, with a
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globule production of ~150 billion pounds/year, is however almost exclusively burned for
heating [33]. It has also long been a high-volume by-product and environmental hazard of paper
and pulp plants. But the chemical structure of lignin is full of various phenols and related
compounds, which could potentially be converted to high-value feedstock and/or fuels [34]. Yet
current lignin-to-fuel or feedstock production achieves limited success and one major hindrance
comes from the quick deactivation of expensive catalyst due to coke formation as well as the
followed separation difficulty and cost on a wide variety of aromatic products. Many aromatic
intermediates generated during lignin depolymerisation strongly adsorb on the surface of solid
catalyst particles to form polyaromatic species (i.e., coke) similar to what happen in traditional
fossil fuel cracking processes. As these aromatic carbonaceous polymerization processes are well
known trigged by the strong acidic sites on solid catalyst, we hypothesize that C-QDs may be
obtained from lignin when it is transformed in appropriate liquid acid environment. In this way,
C-QDs can be produced in very low cost and with a sustained supply of carbon sources.
Specifically, lignin is first hydrolyzed under strong agitation, followed by hydrothermal
synthesis with addition of appropriate amount of inorganic acid, as schematically shown in
Figure 1. With this method, in addition to the reception of valuable C-QDs, lignin hazards that
long bother the paper and pulp industry can also be eliminated and converted into valuable
products to gain additional profits. In this contribution, we demonstrate how to use a small
amount of inorganic acid (e.g., nitric acid) liquid other than some very recent work that use more
expensive organic acidic or amino additives in the formation of C-QDs. Unlike the direct
involvement of those acidic or amino additive, the nitric acid in this work serves mainly as
catalyst to trigue hydrocarbon condensation while some nitrogen atoms were doped in the

polyaromatic domains for their favourable surface functions for luminescence. With similar
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atomic size and five valence electrons for bonding, the nitrogen doping could change the spin
density and charge distribution of the carbon matrix, which thereby enhances the radiation
transition probability and the photoluminescence yield of C-QDs [35]. Besides evaluate their
chemical and luminescent properties, we also explored the cell uptake, toxicity, and imaging
performance of these lignin derived C-QDs in N27 rat dopaminergic neural cell line for potential

brain imaging applications.

2. Materials and Methods

2.1 Materials and reagents

Kraft lignin and nitric acid (70%) were purchased from Sigma-Aldrich and used as
received without further purification. Deionized water (18 MQ) generated from Millipore system
was used in hydrothermal synthesis. All other chemicals were purchased from Sigma-Aldrich
and the cell culture reagents were purchased from Life Technologies (Carlsbad, CA) unless

specified.

2. 2 Hydrothermal Synthesis of C-QDs

Lignin (0.25-1.0 g) was first dissolved in DI water under strong agitation (600 rpm) for 4
hours. Appropriate amount of nitric acid (or other inorganic acids) was then added in and the
mixture was kept hydrothermally in a PPL-lined autoclave with a temperature range of 140-
240°C and a processing time of 8-24 hours. The received dark brown solution was diluted and

measured for their fluorescence performance without further purification.
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2.3 C-QDs Characterization

The optical properties of C-QDs were measured using photoluminescence spectroscopy
(ISS, K2 Multifrequency Phase Fluorometer). The quantum yield (QY) was calculated using
quinine sulfate in 0.1M H2SO4 (® = 54.6%) as the reference using the following equation [36]:

QYs/QYr = (Ar/As)(Is/Ir)x100%
where A is the absorbance, and I is the integral area of fluorescence peak. The subscript r stands
for the reference and s for the sample.

The size and structure of C-QDs were characterized by transmission electron microscopy
(TEM, JEOL 1400, JEOL) and high-resolution TEM (HRTEM, Hitachi H-9500, Hitachi). The
height of C-QDs was measured on an AGILENT 5420 Atomic Force Microscope (AFM).
Fourier transform infrared spectra (FTIR) of dried C-QDs were recorded to identify the
functional groups on the surface of C-QDs (Thermo Scientific SMART FTIR spectrometer). The
X-ray photoelectron spectroscopy (Scienta Omicron XPS) analysis was done to reveal the
chemical state of the as-synthesized C-QDs. The structural purity of C-QDs was examined by

laser Raman spectroscopy (HORIBA Scientific XploRA™ PLUS) with a wavelength of 532 nm.

2.4 Mammalian Cell Delivery Tests

N27 rat dopaminergic neural cells (Millipore, SCC048) were cultured in RPMI 1640
media supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin,
100 pg/mL streptomycin, and L-glutamine. Cells were maintained in T-75 flasks at 37 °C with
5% CO> and digested using 0.25% (w/v) trypsin with EDTA-4Na during subculture.

Cells were first centrifuged and re-suspended in fresh OPTI-MEM 1 (a serum free
medium) at a density of 0.5x107 cells/ml. Samples were then mixed with C-QDs solutions of

various concentrations (prepared by either concentrating or diluting from the synthesis solution)
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and incubated for an hour. The uptake of C-QDs and their potential impact on cell morphology
were evaluated quantitatively by a flow cytometry (CytoFLEX, Beckman Coulter). The
fluorescence intensity of C-QDs in cells was measured. At least 10,000 events were collected for
each sample. CytExpert software was used for all data analysis. The uptake efficiency of C-QDs
is defined as the percentage of cells emitting green fluorescence signal among all counted cells in
a sample (gated fluorescence signal).

The cell viability was evaluated by an MTS assay (Promega, Madison, WI) after one-day
incubation of cells with C-QDs in culture medium. This proliferation-based cell viability
evaluation helps reveal the potential disturbance of C-QDs on cell metabolic activity. For each
assay, cells of 100 pl from every sample were transferred to a 96-well plate. CellTiter 96
AQueous One solution (Promega, Madison, WI) of 20 ul was added to each well and all samples
were incubated at 37°C for another 4 hr. Absorbance was measured at 492 nm on an automated
plate reader (Elx 800, Biotek, VT). The cell viability is calculated as the absorbance signal ratio
of a treated cell sample to that of the negative control cell sample (without incubation with C-
QDs) in MTS assay, after extracting the absorbance background from the media. Data points
were represented as the mean + standard deviation (SD) of triplicates, unless otherwise indicated.

Cellular uptake of C-QDs and their distribution in N27 cells were examined by laser
scanning confocal microscopy. Cells were seeded on cover clips in culturing wells one day prior
to imaging. C-QDs were then introduced and incubated with cells for an hour, followed by
washing twice with 1X PBS. Cell nuclei were then stained with 20 uM of DAPI. Images of blue
and UV laser channel channels were taken on a Zeiss 510 META Laser Scanning Confocal

microscopy and then merged images were produced using the LSM Imaging software.
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3. Results and Discussions

3.1 Synthesis of Lignin C-QDs

The morphology of the C-QDs was characterized by atomic force microscopy (AFM) and
transmission electron microscopy (TEM). As shown in Figures 2a & 2b, the lignin CDs have a
diameter varying from 3 to 6 nm and an average diameter of 4.6 nm. The AFM image of C-QDs
gives a topographic height of C-QDs ~3-6 nm (Figure 2a), indicating their nearly spherical
geometry. The high-resolution TEM (HRTEM) image shows that the received C-QDs have clear
crystalline lattice fringes (Figure 2c), with one major lattice spacing of 0.21 nm, attributed to the
(100) in-plane lattice of graphene [37]. Unlike many other C-QDs synthesized through natural
materials, these lignin derived C-QDs have crystalline pattern spread over the whole particles
(Figure 2c). Even within some existing C-QDs clusters, such lattice fringes are clearly seen,
suggesting that those clusters are assembled C-QDs individuals, not lignin debris after
incomplete transformation. The strong signal and well-defined pattern from electron diffraction
further confirm their highly crystallized structure (inset of Figure 2c¢).

XPS survey scan results of lignin and synthesized C-QDs clearly reveal that the major
elements of lignin Q-CDs are carbon and oxygen (C 1s: 50.3 at%; O 1s: 36.3 at%), similar to
what are in lignin (Figure 3a). However, when compared to lignin, the oxygen percentage in
lignin C-QDs is reduced from 46.1at% to 36.3at%, together with a great increase of carbon
percentage from ~25.0 at% to 50.3 at%. The Na KLL Auger peak at 497e¢V disappears after
nitric acid catalyzed hydrothermal treatment, suggesting that sodium carbonate compounds in
lignin samples were leached out completely. The detailed scan result of O 1s also confirms this
conclusion with the disappearance of overlapped Na Auger peak at 536 eV (Figure 3b and supp

Figure 1). But some nonmetallic elements such as sulfur in lignin retain in the produced lignin
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derivate C-QDs (Figure 3a). The detailed scan of Cls reveals the significant signal reduction of
the C 1s peak located between 288-289 eV (Figures 3b and supp Figure 2), which is associated
with C=0, O-C=0, and O-C-O groups. Deconvolution of O Is and C 1s peaks indicates the
increase of C-OH groups (533eV for O 1s, 286.9 eV for C 1s) besides the dominated O 1s peak
at 531 eV (C=0 and O-C=0) and the C 1s peak at 284.8e¢V (sp2 C=C), as shown in Figures 3b &
3¢ and supp Figures 1&2. This indicates the loss of many ether bonds that bridge benzene rings
between individual units of lignin structure during the six-carbon ring packing process. As nitric
acid was used as catalyst, nitrogen element was also successfully introduced in C-QDs with an
atomic weight of 3.7 at% (Figure 3a). The high-resolution spectrum of N 1s (Figure 3d) reveals
two deconvoluted peaks identified at 401.7 and 402.2 eV (supp Figure 3). This indicates that the
nitrogen-containing groups in this Kraft lignin derived C-QDs are presented in the graphitic
nitrogen bond (C-NH) and oxidized nitrogen bond (C-N=0). No deep oxidized peaks such as
oxidized pyridine nitrogen (near 404 eV) and -NO; groups (near 405 eV) were seen. These
observations are in consistent with the increase of C-N peak (near 286.0 eV) in the Cls
spectrum. The XPS results clearly indicate that C-QDs doped with nitrogen atoms were
successfully synthesized from Kraft lignin and their surface are functionalized with C-OH,
COOH, C-NH, and C-N=0 groups.

FT-IR spectra (Figure 4a) show that the major stretching vibration peaks of lignin are still
retained in the lignin C-QDs, suggesting the similar surface functional groups. However, the
major stretching peaks for C-H (at 823 cm™), C=C bending (990 cm™), C-O stretching (1107 cm™
P'and 1348 cm™!) and C=0 (1558 cm™) as well as a broad peak of O-H group (2900-3020 cm™")
become more obvious in lignin C-QDs than that in lignin itself. This suggests the formation of

more multiple-carbon rings after the disappearance of many C-O-C linkages commonly seen in
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lignin. Peaks of the stretching vibration of C=N bonds (1753 cm™') and N-H bonds (3380 cm™),
though weak, also appear on the lignin C-QDs’ spectra. This suggests successful integration of
nitrogen element in C-QDs, either in surface functional groups or in the multiple-carbon rings. In
Raman spectra (Figure 4b), a sharp band (at 1452 cm™) contributed to CHs bending in OCHj3 is
clearly shown in the lignin sample, which is replaced with a broader band or multiple overlapped
bands indicates a mixture of various bending modes of CHx and aromatic ring vibrations there in
lignin C-QDs sample. Nevertheless, the typical D band at 1355 cm™ and G band at 1598 cm™! in
carbon crystals show up in the C-QDs derived from lignin, corresponding to the disordered
structure and the graphitic carbon domain respectively. Their well-defined D band and G band

peaks with an intensity ratio (In/Ig) close to 1.5 is quite impressive C-QDs Raman data.

3.2 Photoluminescence Analysis of Lignin C-QDs

The photoluminescence was measured on as-prepared lignin C-QDs and their diluted
samples. The as-prepared sample shows low luminescence signal with a broad emission peak
centered near 460 nm due to its too high the concentration of C-QDs (Figure 5a). Dilution of the
as-prepared lignin C-QDs sample continuously enhances the emitted fluorescence signal
intensity until reaching 25% of its original concentration. The corresponding fluorescence
quantum yield is calculated to be ~10%, which is comparable to other lignin C-QDs derived
from alkali lignin that is relatively easier for depolymerization [30]. Given no further purification
step was taken for those samples, this is impressive progress towards industrial-scale production
of C-QDs which could satisfy applications such as building energy harvesting or drilling fluid
tracing that demand large quantity C-QD supply. The increased emission signal during the
sequential dilution is companied with a slight blue shift of the peak center. Under the optimal

concentration (i.e., 25% of the original lignin C-QDs sample), the emission peak shows clear
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red-shift of the peak center and decay of its fluorescence intensity when the excitation
wavelength varies from 360 nm to 460 nm (Figure 5b). Since acid was involved during lignin Q-
CDs synthesis, which was not removed from the original sample, dilution of the received lignin
C-QDs solutions causes also some pH variations. To evaluate how solution pH value affects the
photoluminescence signal, diluted lignin C-QDs samples were further measured at various pH
values. As shown in Figures 5c & 5d, with an increase of the pH value of the C-QD solution, the
photoluminescence intensity shows quick enhancement until a maximum effect of two folds at
pH=9, followed by slight decline afterwards. But the centers of all these emission peaks seem pH
independent. This suggests that the aforementioned slight blue shift of those peak positions is not

the result of the sequential dilution of the original C-QD samples.

3.3 Hydrothermal Conditions on Lignin C-QDs

One unique feature of this work lies on the use of nitric acid to supply nitrogen atoms to
C-QDs, which simultaneously helps break down the ether groups in Kraft Lignin (more difficult
when compared to alkali lignin that was used in some literatures [30]) by oxidizing them. The
followed polymerization of carbonaceous fragments into a stacked carbon-ring structure under
acid environment is close to the coking formation mechanism that takes place in many catalytic
reactions. This is conceptual different from other C-QD production work that use organic acid
and alkali lignin in which the citric acid molecules offer the carboxyl groups and form multiple-
atom ring structure through C-N bonds with the second type reactant molecules with amine
groups which also provide nitrogen doping [30]. In coking formation, aromatic carbonaceous
polymerization processes are strongly correlated to the acidity of solid catalyst used in those
reactions and the reaction temperature. Therefore, it is essential to reveal how the transformation

of lignin to C-QDs is affected by the liquid acid environment at different reaction temperature.
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As shown in Figure 6a, different from the weak photoluminescence signal from products of
hydrothermal synthesis without acid, adding a small amount of nitric acid significantly improves
the fluorescence signal intensity of the produced lignin C-QDs. Such enhancement continues
with the increase of the acidity of the lignin solution during hydrothermal synthesis, which
reaches the maximum at the presence of 4% nitric acid (or 2 mL nitric acid in 50 mL lignin
solution). Ever stronger acidity is found unfavorable, leading to the opposite, i.e., decline of the
photoluminescence signal. These observations are in consistent with the classic coking formation
theories: a strong acidic solution or surface provides needed protons for hydrogen transfer and
dehydrogenation of hydrocarbon reactants to promote the condensation and rearrangment of
aromatic molecules (in our case, the fragments and basic units of lignin) during hyrothermal
reactions; however, too strong the acidic environment could significantly accelerates those
reactions, resulting in quick formation of polyaromatic clusters and further agglomerations (in
this case, the occurrence of lignin C-QD aggregates). Aggregation leads to the size growth of
lignin C-QDs and when it goes beyond the critical quantum photoluminescent dimensions (i.e.,
several nanometers), photons are trapped in those carbon nanoparticles and quickly fade away so
that the lignin C-QDs solution has its photoluminescence intensity decayed.

Besides acidity, the hydrothermal synthesis temperature also plays important roles on the
quality of the produced lignin C-QDs. However, unlike the acidity effect, lignin C-QDs produced
in a broad temperature range show similar strong photoluminescence signal under the same
optimal acidity (i.e., 4% nitric acid in hydrothermal synthesis solution), as shown in Figure 6b.
Only when the reaction temperature close to the maximum allowance of autoclaves (i.e., 240°C),
the decline of photoluminescence signal was seen. The received solution at that hydrothermal

temperature carries more large size carbon particles and their appearance probably offsets the

12
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overall quantum yield like what happens in those solutions that are too acidic. Considering the
balance of energy consumption cost and quantum efficiency, low temperature synthesis of lignin

C-QDs is more favorable and recommended nonetheless.

3.4 Cell Uptake Tests of C-QDs

C-QDs synthesized from organics or involving organic solvents, lignin Q-CDs produced
by our inorganic acid catalyzed reactions can be directly used for cell testing. With ability to
cross the blood-brain barrier due to their small size, we explored the uptake, toxicity, and
luminenscence performance of these lignin C-QDs in N27 cells (a rat neural cell line used as a
dopaminergic neuron model) for potential brain imaging applications. Their cell internalization is
found very fast and efficient. With one-hour incubation time, more than 15% of live cells already
carry enough lignin C-QDs whose photoluminescence signal measurable using flow cytometry
when incubated with the most diluted lignin C-QDs samples (i.e., 1.56% of the as-prepared
solution), as shown in Figures 7a. The cell uptake rises rapidly when inceasing the concentration
of the as-prepared lignin C-QDs. At a concentration of 6.25% of the as-prepared solution, over
50% lignin Q-CDs positive cells present in N27 cells (a adherent cell representitive). The best
uptake occurs with a concentration of 12.5% of the as-prepared solution with over 80% positive
cells for N27 cells. Further increase of the lignin C-QD concentration starts showing some
negative impact on the cell viability and the drop of C-QD positive cell percentage in live cell

subgroups.

To further verify cell toxicity, lignin C-QDs samples with a sequential dilution were
prepared, followed by 24-hour incubation with cells. As shown in Figures 7b, N27 cells can
tolerate (with a cell viability higher than 60%) to a concentrated lignin Q-CDs solution up to

12.5% of the original solution (i.e., only eight-fold dilution of the as-prepared lignin Q-CD
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solution). Further concentrated lignin C-QD solutions (i.e., the as-prepared and less-diluted

samples) show obvious cell toxicity.

We also tracked the subcellular distribution of C-QDs after N27 cell internalization using
confocal microscope. As shown in Figures 7c, within one hour incubation, many C-QDs have
already accumulated in cytoplasm of N27 cells and some were even seen in cell nucelus. This
suggests the good permeability of the cell membrane and other membrane of organeles inside
cell to those lignin C-QDs. The small size and likely some functional groups on those lignin C-
QDs allow their easy transport across these membrane barriers. It is worth to mention that our
cell imaging experiments were done with C-QDs in cells on coverslip under culturing status (not
fixed cells) in which many ions of different types were still presented. As metal ions are known
to quench the photoluminescence from C-QDs, this may cause the quality differences of cellular

uptake images shown in this work from what in other similar studies [38, 39].

To further evaluate the interference of metal ions, the fluorescence signal of lignin-
derived C-QDs was tested at the presence of Fe’" ions. As shown in supp Figure 4, Fe** ions
have significant quenching effect on the fluorescence intensity of C-QDs. With the gradual
increase of the concentration of Fe** ions from 0 to 500 uM, the fluorescence intensity in the test
samples decreases 81%, among which 40% of the fluorescence reduction occurred between
samples with 100 uM Fe*" ions and C-QDs alone. This also suggests the potential application of
these lignin-derived C-QDs as fluorescence tracers in ion detections like what have been

demonstrated in literature [13, 40].
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4. Conclusions

In summary, a low-cost C-QD production method is demonstrated using Kraft lignin, a
large-volume, low market value waste or environmental hazards as the starting carbon sources.
Contributed by its rich phenolic components, lignin was successfully converted to high-value C-
QDs with strong photoluminescence signal at the presence of a small amount of inorganic acid,
similar to the polyaromatic formation and coking deactivation process that happen in traditional
fossil fuel cracking processes. Appropriate acidity and reaction temperature are critical in
regulating the size of those received lignin C-QDs and their quantum yield. With their aqueous
solution presence, the received lignin C-QDs show low cell toxicity in a broad concentration
range. This method provides a new low-cost, sustainable production route of C-QDs using
carbon sources from waste and/or environmental hazard of agriculture business and paper and
pulp industry. Its success may boost the profit of these business units and improve the
environment and economy of many small towns in rural area that has huge lignin resource and

needs self-sustainability.
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1 FIGURES CAPTIONS

3 Figure 1. Schematic of carbon dot synthesis route from lignin under acidic environment.
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Figure 2. AFM (a), TEM (b), and HR TEM (c) images of lignin carbon dots. The line in panel
(a) indicates the location for the C-QD height profile attached below the AFM image. The inset
of panel (c) is the electron diffraction pattern of C-QDs in the HR TEM image.
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Figure 3. XPS spectra of lignin carbon dots: (a) survey scan, (b-d) detailed scans of O 1s (b), C
Is (¢), and (d) N 1s. The spectra of lignin are also added for comparison purpose.
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1  Figure 4. (a) FTIR and (b) Raman spectra of lignin carbon dots. The spectra of lignin are also
2 added for comparison purpose.
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Figure 5. The steady-state emission spectra of lignin carbon dots collected at different dilution
samples with an excitation laser of 360 nm (a) and for a 25% diluted sample under different
excitation wavelengths (b). The photoluminescence signal (c) and dependence (d) of the as-
prepared lignin carbon dot samples with various pH values with 360 nm laser excitation.
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Figure 6. Acidity and temperature effects of hydrothermal synthesis of lignin carbon dots on
their photoluminescence signals. (a) Various nitric acid amounts added in the aqueous lignin
solution; (b) various hydrothermal synthesis temperature conditions.
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Figure 7. The cell uptake after one-hour incubation (a) and cell viability (b) of N27 cells after
one-day incubation with lignin carbon dots samples from a serial dilution of the as-prepared
solution. (c) Confocal microscope images of subcellular distribution of lignin carbon dots after
N27 cell internalization.
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Supp Figure S1. Deconvoluted peaks in the high-resolution O 1s XPS spectra: (a) lignin C-
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NN N kW

Name Pos. At
P C1s 28480 64.15
C1s 28601 2957
C1s 28923 628

Name Pos. At
C1s 28480 61.81 (b)
C1s 28848 2236
C1s 28697 482
C1s 28357 1121

cPsx 1072

T T T T
N 292 S 292

20
Binding Energy (eV)

10 Supp Figure S2. Deconvoluted peaks in the high-resolution C 1s XPS spectra: (a) lignin C-
11 QDs and Kraft lignin (b).
12

28



AN DN AW N

10
11
12

Name Pos At%
N1s 40224 21.50
N1s 401.70 78.50

110

100

90

cpsx 1071

80

70]

60

T
412 408

(CesaXPS (Trissting can basdited in CasaNPS DEF BrintFoatNote xt)

T
404

Binding Energy (eV)

Supp Figure S3. Deconvoluted N 1s peaks in the high-resolution XPS spectrum of lignin C-

QDs.

—_
Q
~—

6x10°

5x10° -

4x10°

3x10° 4

Photoluminescence

2x10° 4

1x10° -
/_\ —— p————

—0.0mM
—0.06 mM

T T T T
380 400 420 440 460
Wavelength (nm)

(b)

Retention Percentage of Fluorescence (%)

=y

o

o
!

80 ~

60 ~

404

20+

200 400 600 800 1000

Fe*" Concentration in C-QD solution (uM)

Supp Figure S4. Photoluminescence quenching of lignin C-QDs (30 ng mL-1) at the
interference of Fe’" ions in C-QD solutions: (a) Photoluminescence spectra; (b) the
fluorescence signal retention percentage of C-QD samples with a concentrations of Fe*" ions at
0, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.70, and 1.00 mM.

29



